The relations between ATP depletion, increased cytosolic free calcium concentration ([Ca;]), contracture development, and lethal myocardial ischemic injury, as evaluated by enzyme release, were examined using 19F nuclear magnetic resonance to measure [CaiJ in 1,2-bis(2-amino-5-fluorophenoxy)ethane-N,N,N',N'-tetraacetic acid (5F-BAPTA)-loaded perfused rat hearts. Total ischemia at 370 C was induced in beating hearts, potassium-arrested hearts, magnesium-arrested hearts, and hearts pretreated with 0.9 JAM diltiazem to reduce but not abolish contractility. In the beating hearts, time-averaged [Cai] [Ca1] in the iO-`M range.12 A rise in [Cai] has been postulated to activate catabolic enzymes and thereby be an important factor in cell injury,1-6 but the
restoration of creatine phosphate content, resumption of beating, normalization of [Caj] , and no significant loss of intracellular enzymes or 5F-BAPTA.11 A similar three-fold increase in [Ca1] has been reported in SF-BAPTA-loaded ferret heart after 20 minutes of ischemia at 300 C. 13 Due to the use of a different KD, the calculated [Cai] levels are lower than those in this article, although the ratios of Ca-5F-BAPTA to 5F-BAPTA are very similar.
Studies of isolated myocytes or papillary muscle using fluorescent and luminescent calcium indicators have also shown an increase in [Cai] during metabolic inhibition before release of the indicator from the cell [8] [9] [10] 12, 17, 18 indicating that the rise in [Cai] occurs while the cell remains intact. However, in these studies there is no rapid (within seconds) rise in [Cai] . These studies8-10'12,18 all involve metabolic inhibition, anoxia, or simulated ischemia rather than ischemia, perhaps accounting for some of the differences.
In addition, there is not uniform agreement on whether an increase in [Cai] occurs before cell damage. Using aequorin, Cobbold and Bourne8 showed that for an individual myocyte, the rise in [Cai] occurred after the myocyte exhibited extreme contracture, which suggests that structural damage precedes the increase in [Cai] . This [Cail, a delay in the onset of contracture, and a delay in the development of lethal injury. In all groups, evidence of lethal myocardial ischemic injury occurred only after a rise in [Cai] .
Materials and Methods Adult male Sprague-Dawley rats (Charles River Suppliers, Wilmington, Massachusetts) weighing 200-300 g were anesthetized with pentobarbital. Hearts were excised and the aorta was cannulated within 15 seconds. Retrograde perfusion was started from a reservoir 90 cm above the aortic cannula. The nonrecirculating perfusate was Krebs-Henseleit buffer containing (mM) NaCl 120, KCl 4.7, MgSO4 1.2, KH2PO4 1.2, CaCl2 1.25, NaHCO3 25, and glucose 10. The buffer was continuously aerated with humidified 95% 02-5% C02 and maintained at 370 C. After 15 minutes of control perfusion, loading with 300-500 ml of 5 p1M of the acetoxymethyl ester of 5F-BAPTA was started.
After loading with 5F-BAPTA, perfusion was resumed with standard Krebs-Henseleit buffer. Hearts were placed in a standard 20-mm NMR tube with the apex of the heart -1 cm from the bottom of the tube. The perfusate was evacuated by polyethylene tubing connected to a variable-speed Masterflex peristaltic pump (Cole-Parmer, Chicago, Illinois). The tubing extended to the bottom of the NMR tube so that the heart was not bathed in perfusate.
For assessment of contractile function, a rubber balloon on the tip of a polyethylene catheter was inserted through the left atrium into the left ventricle. The catheter was connected to a Statham P23d pressure transducer (Gould, Cleveland, Ohio) outside the magnet at the same height as the heart. The pressure changes were recorded on a Gould ES 1000 recorder. The balloon was inflated to give an enddiastolic pressure of 5-10 cm water.
These studies were performed on a Nicolet NT 360 NMR spectrometer (Nicolet Instrument, Freemont, California)with the variable temperature probe at 370 C with either a 20-mm`9F probe tuned to 339.7 MHz (Doty Scientific, Columbia, South Carolina) or a 20-mm broad-band Nicolet probe with the decoupler tuned to 339.7 MHz for the`9F studies and the observe coil tuned to 146.1 MHz for 31p studies. The sample was shimmed on H20, and we routinely obtained a (nonspinning) line width at half height of -0.25 ppm. For the`9F studies we used a 400 pulse angle, a +8-kHz spectral width, a 500-,usec delay, and a 128-msec acquisition time. These pulsing conditions approximately correspond to the Ernst angle for the fluorine resonance of 5F-BAPTA. A 700 pulse angle, 1-second delay, ±5-kHz spectral width, and 205-msec acquisition time were used for the 31p studies. These parameters for the 31p studies were chosen so that we could measure changes with a 2.5-5 minute time resolution. However, with these pulsing parameters we are overpulsing the metabolites; to obtain a true concentration, we must apply correction factors dependent on the T1 values24-26 and our pulsing conditions. Creatine phosphate, ATP, and inorganic phosphate resonance intensities must be multiplied by 1.94, 1.18, and 1.73, respectively.
As shown previously,'1127 5F-BAPTA is in slow exchange with Ca2+; thus, [Cai] is related to the observed resonance intensities by the relation
[Caj]=KD [Ca-5F-BAPTA]
[5F-BAPTA] where the KD value for 5F-BAPTA is 700 nM at 370 C29 and [Ca-5F-BAPTA] and [5F-BAPTA] are proportional to the area under their respective resonance peaks. Since this measurement requires the comparison of resonance intensities, it is necessary to work under conditions of nonsaturation of the resonances or, alternatively, under conditions of equal saturation. Fortunately, calcium ion complexation of the chelators has a negligible effect on the spin lattice relaxation times,28 so the intensity ratio of free to calcium-complexed 5F-BAPTA is essentially independent of the rate of pulsing.
The concentration of intracellular indicator was determined at the end of each experiment by drying the hearts to a constant weight and homogenizing with a Polytron (Brinkman Instruments, Westbury, New York) in 150 mM KCl, with excess EGTA, buffered with Tris/3 -(N-morpholino)propanesulfonic acid (MOPS) to pH 7.1. The 5F-BAPTA concentration in the hearts ranged from 0.6 to 1.25 ymol/g dry wt, which converts to an intracellular concentration of 0.25 to 0.50 mM by the conversion factor of 2.5 ml intracellular water per gram of dry weight.29 19F
NMR studies were then carried out on the homogenate, to which a known concentration of 6-fluorotryptophan was added. The resonance intensities of 5F-BAPTA were compared with those of the 6-fluorotryptophan, taking into account the differences in T, and the number of fluorine nuclei.
In all experimental groups, hearts initially were perfused with standard Krebs-Henseleit buffer, and control left ventricular pressure measurements were obtained. All hearts used in these experiments developed at least 74 mm Hg peak systolic pressure at an end-diastolic pressure of 7 mm Hg or less. All hearts were loaded with 5F-BAPTA using the same protocol. 5F-BAPTA loading has been shown previously"1 to buffer calcium transients and thereby decrease peak systolic pressure to -30 mm Hg at an end diastolic pressure of -10 mm Hg. Hearts were not paced. Spontaneous beating rates were -250 beats/ min. In 5F-BAPTA hearts, this rate was maintained during the first 2 minutes of ischemia, at which time contractile activity ceased. In each experimental group, some hearts were evaluated by`9F NMR, some by 31p NMR, and some were perfused outside the magnet for measurement of enzyme release and contracture.
In the NMR protocols, control spectra were obtained prior to modifications of the perfusate. In the 19F NMR protocols, the [Cai] values obtained during perfusion with standard Krebs-Henseleit buffer in each experimental group were not significantly different. The four experimental groups are no treatment, magnesium arrest, potassium arrest, and diltiazem treatment. The treatments were begun approximately 10 minutes before the start of ischemia to permit accumulation of posttreatment, preischemic spectra. In the no-treatment group, three hearts were studied by`9F NMR, three by 31P NMR, and three were studied outside the magnet. The magnesium-arrested hearts were perfused with buffer containing 16 mM magnesium before ischemia; eight hearts were studied by`9F NMR, three by 31P NMR, and two hearts were studied outside the magnet. The potassium-arrested hearts were perfused with buffer containing 30 mM potassium before ischemia; three hearts were studied by '9F NMR, four by`P NMR, and two hearts were studied outside the magnet. The diltiazem-treated hearts were perfused with 0.9 mM diltiazem prior to ischemia; five hearts were studied by 19F NMR Figure 1 shows`9F NMR spectra of a perfused rat heart that was made globally ischemic for 15 minutes, followed by reflow with oxygenated Krebs-Henseleit buffer. As described in "Materials and Methods,"
[Cai] is obtained by multiplying the KD times the area under the Ca-5F-BAPTA resonance divided by the area under the 5F-BAPTA resonance. The control spectrum gives a time-averaged value for [Cai] in the beating heart of 544±74 nM. As shown previously, the duration of systole is increased and, correspondingly, the duration of diastole is decreased in SF-BAPTA-loaded hearts, and the time-averaged [Cai] is intermediate between the systolic and diastolic values. The signal-to-noise ratios of the ischemic spectra are substantially improved as compared with our previous study ( Figures 3 and 4 , Reference 11).
By 15 minutes of ischemia, a significant rise in [Cai] had occurred to a value of -3 ,M. As discussed in detail in a previous publication,11 based on the following criteria, this increase in [Cai] occurs before the onset of lethal cell injury. First, after reflow, the heart resumes beating, and [Cai] returns to preischemic levels ( Figure 1 ). Second, 5F-BAPTA is retained 19F NMR spectra of 5F-BAPTA-loaded rat heart. The preischemic (top) spectrum was accumulated for 5,000 scans (10 minutes). Immediately following the preischemic period, the aortic inflow line was clamped. Spectra were accumulated for 3,600 scans during 0-6 minutes and 9-15 minutes ofischemia. After 15 minutes ofglobal ischemia, reflow was begun and the bottom spectrum was acquired between 10 and 20 minutes (5,000 accumulations) after reflow. NMR parameters are given in 'Materials and Methods."
by the cells, indicating that plasma membrane integrity is maintained. This also demonstrates that the rise in Ca-5F-BAPTA in Figure 1 is not due to leakage of the indicator into the extracellular space where it would be washed out during reperfusion.
Third, 31P NMR spectra1' show that creatine phosphate recovers to preischemic levels. This rise in [Cai] before lethal myocardial cell injury is consistent with, but does not prove, a role for [Cai] BAPTA-loaded hearts that were beating before ischemia is shown in Figure 2 . This time course of ischemic contracture development in 5F-BAPTAloaded hearts is similar to that reported by others32 for rat hearts not loaded with 5F-BAPTA. In preliminary experiments in which several hearts not loaded with 5F-BAPTA were subjected to total ischemia under conditions identical to those used to generate the data in Figure 2 , the onset of contracture and the rate of ATP depletion were consistently slower than in the 5F-BAPTA-loaded hearts. This finding can be partially explained by the observation that heart rate fell during early ischemia in the hearts not loaded with 5F-BAPTA, whereas the preischemic heart rate was maintained during early ischemia in 5F-BAPTA-loaded hearts. Pacing before and during ischemia hastened the onset of contracture in unloaded hearts, but pacing had no effect on the time course of contracture in 5F-BAPTA-loaded hearts. Even with pacing, the onset of contracture was more rapid in the 5F-BAPTA-loaded hearts than in unloaded hearts. Therefore, there is no evidence that 5F-BAPTA loading slows ischemic injury. Energy utilization is a function of both peak tension development and the duration of tension development; the latter is markedly increased in 5F-BAPTA-loaded hearts compared with hearts not loaded with 5F-BAPTA, which presumably accounts for the slightly faster rate of ATP depletion during early ischemia in 5F-BAPTA-loaded hearts.
To determine the effect of calcium channel blockade on [Cai] during ischemia, hearts were perfused with Krebs-Henseleit buffer containing 16 mM magnesium. This completely abolished contractile activity. Figure 3 , top, shows the peak areas for free 5F-BAPTA and Ca-5F-BAPTA as well as area of total 5F-BAPTA (Ca-5F-BAPTA+5F-BAPTA), using the same scaling factors throughout. The ratio of these peak areas is used to calculate [Cai] in Figure 3 , bottom. In this heart, the peak areas for free 5F-BAPTA and Ca-5F-BAPTA were essentially equal before magnesium arrest, and time-averaged [Cai] was 670 nM. Perfusion with Krebs-Henseliet buffer containing 16 mM magnesium to arrest the heart caused an increase in the free 5F-BAPTA peak and a corresponding decrease in the Ca-5F-BAPTA peak Reperfusion with high-magnesium perfusate resulted in a prompt shift in peak areas, with a decrease in peak area of Ca-5F-BAPTA and an equal increase in the free 5F-BAPTA peak ( Figure 3 ). This result indicates that the 5F-BAPTA remained intracellular because extracellular 5F-BAPTA would be in the bound form until it washed out of the heart, in which reduced as compared with those of ATP. Representative spectra from one 5F-BAPTA-loaded heart are shown in Figure 4 . The corrected creatine phosphate/ATP ratio under control conditions was 1. [Cai] levels. Compared with ischemia in the beating heart, with magnesium arrest all ischemia-induced changes are delayed. In the magnesium-arrested heart, contracture does not begin until after 15 minutes of ischemia (compared with 5 minutes in the beating heart), and peak contracture was achieved after -35 minutes of ischemia. In the magnesium-arrested hearts, peak contracture was less than half that observed in the beating hearts. ATP was decreased by 60% after 20 minutes of ischemia and was decreased by more than 80% after 35 minutes of ischemia. In one magnesium-arrest experiment, [Cai] was measured over 4-minute periods. nM, a value significantly greater than that observed during magnesium arrest (143 ±22 nM). During ischemia, ATP fell more slowly than in the beating heart but more rapidly than in the magnesium-arrested heart, such that ATP was decreased by 70% after 15 minutes of ischemia. The onset of contracture development was slightly delayed compared with that of the beating heart. Maximum contracture pressure was similar to that observed in the beating hearts and was substantially greater than that observed in the magnesium-arrested hearts. In the potassiumarrested heart, contracture started at 5 minutes and peaked at 10 minute of ischemia; [Cai] measured between 5 and 10 minutes of ischemia was 489±112 nM. In the potassium-arrested heart, the rise in [Cai] was much faster than in the magnesium-arrested heart and only slightly slower than in the beating heart. Finally, we also investigated the effect of partial calcium channel blockade on the progression of ischemic injury with the calcium channel blocker diltiazem at a concentration of 0.9 ,M. This concentration reduced pressure development by half without sub- Discussion Limitation of the Methodology 5F-BAPTA, at the concentrations used in these experiments (0.25-0.5 mM) provides substantial calcium buffering. This is obvious when left ventricular pressure development is monitored in the beating heart during and following 5F-BAPTA loading.11,13 Peak systolic pressures are reduced by -80% with 5F-BAPTA loading. Cytosolic 5F-BAPTA increases the number of high-affinity calcium binding sites in the cytosol markedly and, therefore, is likely to suppress the rise in [Cai] that would occur otherwise, since total tissue calcium is limited during ischemia.
Therefore, the measurements of [Cai] during ischemia are minimum values. However, the onset of contracture and the decline in ATP during ischemia was not slowed by the presence of 5F-BAPTA, and enzyme release during reperfusion after 150 minutes of total ischemia at 370 C was nearly equal in the presence and absence of 5F-BAPTA, indicating that calcium buffering by 5F-BAPTA does not inhibit lethal ischemic injury. Another important source of calcium is the sarcoplasmic reticulum (SR). There is a Ca-ATPase in the SR membrane that ordinarily pumps calcium into the SR, but the calcium release process can be reversed under conditions of high ADP, inorganic phosphate, and Mg2`availability.53 As cytosolic ATP is consumed during ischemia, the ability of the SR to accumulate and ultimately to retain calcium will become impaired. The degree of SR calcium loading before the onset of ischemia may be an important determinant of the rate and extent of the increase in [Cai] during ischemia. This may account in part for some of the differences between the potassium-arrest data and the magnesium-arrest data. During magnesium arrest, there is a progressive decline in pressure development before cessation of contractile function, during which time the SR is gradually depleted of its calcium stores.
[Cai] falls to a very low level, and SR calcium should remain low. During potassium arrest, there is partial membrane depolarization and [Cai] rises slightly from its basal level and the SR calcium pump can continue to accumulate calcium. When the heart is made ischemic, SR calcium levels are expected to be high, which may account for the rapid rate of rise once [Cai] begins to increase.
In conclusion, the present study confirms and extends previous observations that there is a rise in [Cai] [Ca] and ATP may explain in part why there is a good correlation between ATP depletion and lethal myocyte injury, 35 and other factors that vary parallel with ATP depletion also could be involved. The data suggest that an increase in [Cal] may be an important mechanism of myocardial ischemic injury.
